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In this paper, a standalone permanent magnet synchronous generator (PMSG) 
system is designed to generate power at maximum power point (MPP). The 
variable speed operation of wind energy conversion system consists of PMSG, 
controlled rectifier and voltage source inverter co to the load. Proportional inte- 
gral (PI), sliding mode (SM), and feed forward neural network (FFNN) control 
strategies are applied in field oriented control (FOC) at generator side converter. 
A comparative study on power generated at maximum power point (MPP) is 
done with these controllers using simulation. Hill climb search (HCS) method 
is applied to attain MPP. Load side inverter control strategy involves the PI and 
SM controllers in order to maintain the unity power factor and to control the ac- 
tive and reactive power for nonlinear load. The control strategies are modelled 
and simulated with MATLAB/Simulink. The effectiveness of proposed control 
method is demonstrated using simulation results. 
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1. INTRODUCTION 

The attractiveness of employing renewable energy sources rises as the need for power grows and 
global warming intensifies. Because they are direct driven devices, permanent magnet synchronous generator 
(PMSGs) are frequently used for variable speed operation. As a result, PMSGs are designed to extract the 
greatest power from the wind. A supervisory control is built [1] to accomplish efficient functioning of the wind 
energy conversion system (WECS), and control methods are employed to reduce losses in the generator. The 
zero-direct axis current (ZDC) control technique is utilized to decrease windage losses in the generator [2]. To 
reduce resistive loss in induction generators, a minimum ohmic loss (MOL) technique is provided. maximum 
power point (MPP) tracking and MOL control are handled by the fuzzy logic controller (FLC). Experiment 
findings verified the effectiveness of the control approach [3]. 

The WECS includes a shunt active power filter (SAPF) to counteract harmonic currents. To compen- 
sate for harmonic currents, the SAPF generates compensatory currents that have the same magnitude as the 
harmonic currents but are phase opposite. On the grid-side, the SAPF reduces distorted current. This remote 
wind farm’s generator’s rotational speed can be precisely controlled by creating a new electrical PMSG using 
finite element method simulations (FEM). A neodymic iron boron radial flux generator is designed for PMSG 
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low-speed spinning [5]. A nonlinear control method is used to generate MPP. The nonlinear controller used 
to improve the system’s dynamic performance is built using average theory and Lyapunor stability [6]. PMSG 
output power and rotor speed characteristics can now be analyzed in an entirely new way. To make WECS 
management simple, wind turbine electrical design characteristics such as losses and power output are kept to 
a minimum. Due to the fast-changing wind speed, the DFIG’s performance can be improved with FLC in the 
rotor and grid side converters. MATLAB/Simulink [8] is used for the control operation. It’s possible to measure 
the dynamic field induced by the doubly-fed induction generator (DFIG) under various operating conditions 
with power systems computer aided design (PSCAD) and the electromagnetic transient program (EMTP). Also 
shown is a third-order DFIG model. With the help of grid codes, the WECS can be operated using the fault ride 
through (FRT) control. An MPP algorithm comparison is carried out [9]. The simpower system in MATLAB 
is used to simulate the various control algorithms in order to evaluate their efficacy and dynamics. Higher MPP 
extraction performance was achieved with sensorless FLC controls [10]. Lower order harmonics are reduced 
on the grid side [11]. A proportional-integral (PI) controller and an LCL filter are used to improve power qual- 
ity [12], [13]. PI, fuzzy, and artificial neural network (ANN) are used in tandem to achieve appropriate system 
control performance. The PI controller, which focuses on pitch angle control, is compared with optimization 
strategies to achieve the goal [14], [15]. Babu and Arulmozhivarman [16] talks about the evaluations of MPPT 
methods. Research in this area examines the performance of a WECS that is controlled by FOC at the gen- 
erator side converter and VOC at the load side converter. A back-to-back PWM converter is connected to the 
load [17], [18]. You can monitor the generator’s actual rotational speed by using the model reference adaptive 
system. When the wind speed changes, the generator side converter controller at MPP speeds up the generator 
to deliver the most power possible [19], [20]. The PI, sliding mode controller (SMC), and feed-forward neural 
network (FFNN) controllers are used in the flux oriented control (FOC) speed control loop. SMC and PI are 
used to control the load side converter’s DC-link voltage, active power, and reactive power. As a result of this, 
the power factor does not change. MATLAB’s Simulink is used to verify the results. 


2. WIND TURBINE GENERATOR 
The wind turbine converts the available wind into mechanical power which makes the generator to 
rotate. The mechanical wind turbine power could be expressed by (1). 


1 
Pm = 37r OA, B)V® (1) 
Where p is the density of air in Kg/m?, r is the radius of the blade (m), Cp is the turbine performance 


coefficient which is the function of tip speed ratio (À ) and the blade pitch angle (8 ). The is expressed as (2) 
where r is the turbine rotor speed (rad/sec) and V is the velocity of the wind (m7) respectively. 


Wm? 


A= 
V 


(2) 


2.1. Permanent magnet synchronous generator 
The equations governing the model of PMSG in the rotating reference frame are given by the equations 
(3) and (4) [21]. 


digs 1 2 . 
i E L [vas Resigs Weligids — Weds] (3) 
q 
dids 1 . 2 
dt Z La [vas Rsids + WeLgigqs] @ 


Where vgs and vgs are the stator d and q axes voltage, igs and ig, are the stator d and q axes currents, Lg and 
Lq are the stator inductances, ¢ p is the rotor permanent magnet flux. we is the electrical rotational speed of the 
generator given by (5). 


We = PWm (5) 
Where p is the number of pole pairs and wm is the mechanical rotational speed of the generator. Assuming a 


non-salient pole PMSG the d and q axes inductances will be equal. The resulting torque equation Te is given 
by (6). 
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3 ; 
Te = gPa (6) 


2.2. MPP control strategy 

Since the blade radius and air density are constants, the power collected by the turbine equals Cp. 
Operating the turbine at the optimal tip speed ratio maximizes the C'p value. A wind turbine’s maximum power 
is obtained by regulating the generator’s rotor speed to achieve an ideal tip speed ratio. The equation determines 
the turbine’s maximum mechanical power given by (7). 


TWopt 


i (7) 


1 
Fraz = = paCpmaz( 
2 Aopt 
Where a is the area of the turbine, wopt is the optimum speed of the turbine, opt optimum tip speed ratio. To 
generate the optimum speed for maximum power extraction a HCS algorithm is introduced which requires only 
wind speed as the input. 


3. GENERATOR SIDE CONVERTER CONTROL 

As indicated in Figure 1 of the WECS, FOC is applied at the generator side converter. The rotor 
speed controls the electromagnetic torque in FOC control. FOC needs rotor position and generator speed to 
regulate. Model reference adaptive system (MRAS) determines rotor position and speed. The generator’s stator 
current regulates the generator’s torque. So the torque is dictated by the stator current’s q-axis component [22], 
[23]. FOC has two loops: speed and current. PMSG is compared to the MPPT algorithm’s reference speed. 
MRAS calculates the generator’s true speed. The speed controller outputs the q-axis reference current i}. The 
generator side converter control scheme is shown in Figure [I] We use a standard HCS approach to optimize 
MPPT speed. The FOC speed control loop uses PI, SMC, and FFNN control algorithms. Section 5 describes 
the results of simulating the controllers in MATLAB Simulink. 


PMSG 


PWM 
PULSES 


MRAS 
SPEED 
ESTIMATOR 


Figure 1. Block diagram of proposed wind energy conversion system 


3.1. Sliding mode control 

In the speed controller, a nonlinear SMC is used to keep the generator speed at the optimal speed for 
extracting maximum power. FOC features a current loop inside and a speed loop outside. A SMC controls 
the speed loop, while two PI controllers regulate the current loop. The SMC’s first step is to sketch the sliding 
surface. The speed regulator’s sliding surface is provided by (8). Differentiating (8) with respect to time and 
after simplification the control (9) for a is obtained. 
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Sw = Wopt — West (8) 
; 2 dWopt 
T Im F es nki K w 
iq TP + Fwest + J T + SKsgn(S.,)] (9) 


3.2. Feed forward neural network 

The network is made up of three layers: one input layer, one hidden layer, and an output layer. In 
the output layer, a linear activation function is utilized. The network is trained using the Levenberg-Marquardt 
algorithm [24]. The speed and current of the training data are obtained through simulation without the need of 
a controller. The FFNN controller receives the optimal and estimated speed from MRAS as error input. The 
reference current is generated by the FFNN controller. The reference currents on the d and q axes are compared 
to the actual currents using a PI controller. The rectifier receives pulse width modulation (PWM) pulses. The 
generator speed is changed by controlling the rectifier appropriately in order to obtain the most power out of 
the turbine. X is the input training vector which is speed and Y is the output which is current. x; is the input 
neuron which is speed and y;is the output neuron which is the quadrature axis current and Z;,,; is the hidden 
layer represented in the Figure 2 is the connection weight of the input layer. Z; is the output signal and is and 
is the function of hidden layer Zinj is given by (10). wox is the bias of output unit and w; is the connection 
weight of the output layer. The output signal is as (11). 


Zj = f (Zinj) (10) 

Yk = f (Wok + X ZjWjk) (11) 
j 
Hidden Layer 


Input Layer 
x Output layer Y, 


Output quadrature 
axis current 


Speed | 
Input 6) 


Figure 2. FFNN-architecture 


4. CONTROL OF LOAD SIDE CONVERTER 

For the most part, load side controllers are used to control the output voltage and frequency. The 
active and reactive powers of the load can be adjusted with its help. Changeable structure SMC is used as a 
load controller in this article. Two loops dominate the DC Link voltage and current control architecture. A PI 
controller is used to keep the DC Link voltage constant. Two current loops are controlled by SMC. The load- 
side inverter is controlled by vector control. Two loops are used for control, The inner loop controls the direct 
and quadrature currents. DC link voltage is maintained at a predetermined level by the second loop. Using a 
phase locked loop (PLL), the load voltage phase angle can be detected and recorded. Figure 3 shows the block 
diagram of the converter’s load side. The equations for the load-side converter voltages in the synchronously 
rotating reference given by (12) and (13). 


; di ; 
Vga = Va — Riga — Lf tw piga (12) 
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: di ; 
Voq = Va — Rytgq — Lf Ty wh Figg (13) 


Where V,q and V,, are d q-axes load voltages. tq and tgq are d-axis and q-axis load currents. Ry -Filter 
Resistance, Lf - Filter Inductance. Vector control strategy is depending on a synchronously rotating reference 
frame. Active power P and reactive power Q are expressed as P = Vaiga and Q = 3 Vatigg- 


Load side 
converter 


Figure 3. Load side converter—block diagram 


As a result, d-q-axes current may govern both active and reactive powers. There are two control loops 
in the system. The SMC [25] is used in the inner loop that regulates the load side current. The DC Voltage 
control is attached to the outside loop. The DC voltage controller generates the reference current for the d-axis 
current in order to manage the active power. The reference value for reactive power is set to zero. Sliding 
surfaces are introduced as (14) and (15). 


Saf = tarf — taf (14) 


Saf = lgrf — tgf (15) 
Where tarf, and 7, are the desired values of d- q-axes currents respectively. As the sliding mode occurs on 


the sliding mode control surface, then differentiating equation (14)and (15) with respect to dt and equal to zero. 
Simplifying the control voltages of dq axes given by (16) and (17). 


diar . : 
Varg = Ly as + Reta — Lpwi_qf +V + kapsgn(Sap) (16) 
Veh siuntima (17) 
aff = AF fwrdf af SIN Oat 


5. RESULT ANALYSIS 

The performance of the HCS method is studied using Simulink in MATLAB. A rectangular type of 
wind speed is applied to the WECS as illustrated in Figure 4. With HCS method the power coefficient optimum 
value 0.44 is reached and is maintained at the same value for a wider range of speeds which is shown in Figure 
5. Comparative studies on the performances of WECS are carried out between PI, SMC, and FFNN for a wind 
speed 10 m/s in all the three cases. The reference electrical power is 3200 watts. 
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The generated electrical powers from, PI, SMC, and FFNN controllers are given in Table 1. From 
Figure 6 it is seen that the neural controller attains the reference power at 0.14 sec. The power generated 
using the SMC is 3000 watts which is below the reference value with the settling time of 0.26 sec. The 
power generated from the PI is 2980 watts with the settling time of 0.26 sec., which is below the reference 
value. When the FFNN controller is used, the PMSG’s power output is found to be at its rated value. Many 
controllers’ electrical power waveforms are shown in the Figure 6. When wind speeds reach 10 m/s, WECS 
handles a nonlinear load. Load side converters are used to address the simulation results for the PI and SMC 
controller models The nonlinear load is a balanced active load of 200 ohms connected to a three-phase diode 
rectifier. The DC link voltage is maintained at 500 V by the load side controller, as shown in Figure 7. 


Table 1. Comparison of different controllers 
Power generated 


Settling time 


Controller Reference power (W) % Error in power generated 


(W) (Sec) 

ANN 3192 1.02 0.14 
SMC 3200 3000 8.6 0.26 
PI 2980 9.2 0.2 
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Figure 4. Wind speed (m/sec) Figure 5. Cp (power coefficient) 


Power (Watts) 
B op 


0 0.1 0.2 0.3 a4 0.5 0.6 0.7 0.8 0.9 1 
Time (Sec) 


Figure 6. PMSG power for different controllers (W) 
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= 


Time (See) 


Figure 7. DC link voltage (volts) 


MATLAB/Simulink is used to examine the sliding mode technique for load-side converters. The 
output voltage across the load is depicted in Figure 8. Figures 9 and 10 illustrate the active and reactive powers 
across the load. The reactive power is controlled to zero by the load side inverter, as shown in Figure 8. It is also 
clear from Figure 11 that the suggested SMC controller achieves the unity power factor. A comparison of the 
PI controller’s single-phase output voltage and current to the SM controller’s load output voltage and current is 
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shown in Figure 12. Sliding Mode Controller load currents and total harmonic distortion (THD) outputs from 
the PI controller are shown in Figures 13 and 15. Figure 13 shows the relationship between voltage and current 
in terms of phase. As a result, the power factor of the SM controller is equal to one. Using the fast fourier 
transform (FFT), it is possible to determine the harmonic content of the nonlinear load’s current. A nonlinear 
load on the load side converter is shown in Table 2 percent THD. The proposed SMC has a THD of around 
4.02%, which is acceptable, and the results show that the nonlinear control at the load side converter is more 
effective. 


Table 2. %THD of the non-linear load current 
Control Type % THD 
PI 17.63 
SMC 4.02 
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Figure 14. Single phase load voltage (V) and current Figure 15. THD analysis of line current at load 
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6. CONCLUSION 

To control the FOC at the generator side of the WECS, the PI, SMC, and FFNN control loops are 
used in this paper. Simulink in MATLAB is used for the simulation study. When subjected to varying wind 
speeds, a simulation proved the HCS method’s efficacy by maintaining the power coefficient at its optimal 
level of 0.44. The FFNN controller generates more power than the PI and SM controllers, and it is closer to the 
reference value. VOC with PI and SM controllers are used to control the load converter. The DC link voltage 
is kept constant at 500 V. Load current THD factor is 4.02 in SM control, maintaining unity power factor. For 
nonlinear loads, the SM control proved the ability to control output power with unity power factor. 
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